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The decomposition of SiO, films on Si(100) during ultrahigh-vacuum anneal is studied in a scan-
ning Auger microscope. Decomposition is found to be strongly enhanced by monolayer amounts of
impurities deposited on the SiO, surface. s- and p-band elements initiate decomposition via forma-
tion of volatile suboxides by surface reaction. In contrast, most transition metals decompose the ox-
ide via laterally inhomogeneous growth of voids in the oxide, suggesting strongly that they need to
diffuse to the SiO,/Si interface and there enhance oxide decomposition via formation of volatile
SiO. It is hypothesized that existing defects in the oxide layer, enhanced by, e.g., film stress, permit
metal migration to the interface. The oxide decomposition enhancement found for the transition
metals is thought to be related to the electronic properties of those metals, namely, the density of
states close to the Fermi level. A strong decrease in reactivity is found upon silicidation of the met-

al, supporting the above picture.

INTRODUCTION

With higher levels of device integration and complexity
an ever increasing number of processing steps is needed
in very-large-scale integration materials processing. Im-
perfect processing conditions tend to introduce defects
into a device structure that are exceedingly difficult to
characterize because of their low density and small size.
Most sensitive to processing-induced electrically active
defects are thin insulator layers next to active regions, in
particular gate-oxide layers. Our intention in this study
is to contribute to the understanding of the physical and
chemical processes by which contaminants or particles
degrade gate-oxide layers. The deleterious effect of metal
contamination on gate oxides has been known for de-
cades and metals have been successfully eliminated from
the oxide-growth process by using chlorine additions to
the oxygen ambient.! Relatively little is known, though,
about the chemical reaction between metal contaminants
and gate-oxide structures, e.g., which metals are the most
reactive and thus most critical to avoid in device process-
ing.

The discovery of a defect-decoration technique al-
lows one to correlate physical defects in a gate oxide,
namely, the formation of voids during a high-temperature
vacuum anneal, with electrical defects in metal-oxide-
semiconductor structures. We are going to use this
method to elucidate the microchemistry at a SiO,/Si in-
terface when controlled metal contamination is intro-
duced. From the comparison of the measured reactivity
of the different metals, we can derive a model to under-
stand the behavior of these materials toward the SiO, /Si
structure and their role in the modification of the electri-
cal characteristics.

A set of metals has been chosen to cover different ther-
modynamical and electronic properties (diffusion
coefficients, reactivity with SiO,, electron density of
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states near the Fermi level). We studied Al and Mg as s-
type-electron metals, W and Ti as transition metals with
few d electrons, Pd, Ni, and Pt as nearly fully d-shell met-
als, and finally Cu, Ag, and Au as completed-d-shell met-
als with a large (several eV) separation of the d bands and
the Fermi level. We have observed one main difference in
the decomposition process and we will use this to group
the metals in two classes for the discussion. (i) s-type, p-
type, and transition metals with few d electrons on one
side, and (ii) all other transition metals on the other. s-
type metals exhibit oxide decomposition that appears la-
terally uniform on the scale of our experimental resolu-
tion (=~500 nm), whereas all other metals lead to forma-
tion of voids in the oxide layer as dominant mechanism of
oxide decomposition. Formation of voids has been also
observed during oxide decomposition by annealing non-
contaminated gate-quality SiO,/Si structures.? Voids are
formed in the oxide layer upon anneal in oxygen-free am-
bients (e.g., vacuum), exposing clean silicon and leaving
the oxide between the voids intact. Oxide decomposition
proceeds by lateral growth of the void via an interfacial
reaction between the exposed Si and the oxide at the void
perimeter through the chemical reaction Si+SiO,
—28i01.277°

EXPERIMENTAL CONDITIONS

Experiments were performed in a scanning Auger mi-
croscope (SAM) which operates under ultrahigh-vacuum
(UHY) conditions and allows observation of the sample in
the scanning electron microscopy (SEM) mode during an-
nealing at high temperature.'® Thin films were deposited
on 200-A thermal gate oxide by in situ evaporation of the
chosen metal from a hot tungsten wire, while thick W
films were prepared ex situ. For comparison with
“clean” conditions, metal films were evaporated only on
half of the sample using a shadow mask. Film thickness
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was measured with a quartz crystal microbalance. Sam-
ples were annealed to 1000°C in UHV by direct current
flow and the temperature was monitored with an infrared
pyrometer. The annealing was interrupted during
Auger-electron spectroscopy (AES) and SAM data aquisi-
tion.

For the class of void-forming metals, void density has
been measured in SEM photographs, and from this the
void diameter was measured as a function of time. In all
cases the void diameter was found to grow linearly with
time.' To obtain a time-independent measure of the
decomposition rates the void diameter growth rate has,
therefore, to be taken, instead of the void area growth
rate. To quantify relative rates of oxide decomposition
for different metals, which involve different void densities
and growth rates, we define a linear decomposition rate
(LDR) as the product of the density of voids and the void
diameter growth rate. We shall deduce the reactivity for
each metal by dividing this product by the film thickness.

To test the effects of metal diffusion either through the
bulk oxide or the silicon, three different experiments were
performed. (1) Deposition of the metal film on top of the
oxide; (2) prediffusion of the metal through the oxide by
annealing at 500°C in 1 atm of nitrogen (this treatment
enhances metal diffusion in bulk oxide'!); (3) use of a sil-
icon wafer with a polysilicon getter on the backside,
which diminishes the metal atom density at the SiO,/Si
interface by trapping metal atoms in the backside getter
instead of at the interface.'>!3 All three pretreatments
were followed by a standard anneal to 1000°C in a vacu-
um of better than 10~® Torr. .

Furthermore, samples with 1500 A WSi, on Si(lOQ)
were used as substrates for thermal oxidation. 200 A
thermal oxide was grown on them in 1 atm oxygen at
800°C. WSi, was chosen because of its thermal stability
under anneal to 1000°C and its ability to grow a
stoichiometric SiO, upon thermal oxidation.'* On anoth-
er set of samples, 500 A thick tungsten dots were deposit-
ed ex situ through a shadow mask on high-quality
thermal oxide. Both kinds of samples were loaded into
the SAM and subjected to the high-temperature vacuum
anneal without any further pretreatment.

RESULTS

Magnesium, aluminum, titanium, silicon, and germanium

We first deal with one class of materials (Al, Mg, Ti, Si,
and Ge), which is distinguished from the other class by
its reactivity towards SiO,. To illustrate the properties of
this class of materials we choose Al as an example; all
others behave very similar. A 35-A-thick Al film an-
nealed for 120 sec to 1000°C decomposes a 200 A
thermal oxide as shown in the SEM picture in Fig. 1(b).
The picture shows a uniform surface with no recogniz-
able structure within the resolution of the instrument
(=500 nm). Anneals to intermediate temperatures (e.g.,
400°C) show the formation of silicate at the sample sur-
face. This leads us to believe that the reaction at the sur-
face is even uniform on an atomic scale, not just within
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the rather limited resolution of our microscope (=500
nm).

Even in the case of very low metal coverage, we do not
observe inhomogeneity in the oxide layer decomposition.
The chemical composition of the surface, as checked with
AES, corresponds to a clean silicon surface (no trace of
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FIG. 1. A sequence of scanning electron microscope pictures
taken during ultrahigh-vacuum anneal of a 200 A SiO, layer on
Si(100). The field of view is ~1 mm by 1 mm, the sample being
tilted by ~60° giving circular voids an elliptical appearance.
The pictures were taken at 3 keV electron energy and 50 nA
beam current in secondary electron mode. The dark areas
represent clean Si areas, the bright background the SiO, layer.
Metals have been evaporated only on the lower half of the sam-
ples to allow comparison with clean conditions. (a) shows a lay-
er of 40 A of Au after anneal to 1000°C for 15 min; (b) 35 A of
Al after anneal to 1000 °C for 2 min; (c) 3 A of Ni after anneal to
1000 °C for 50 min; (d) 3 A of W after anneal to 1000°C for 30
min.
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metal left after annealing). Apparently, the kinetics of
the oxide decomposition reaction changes significantly
from the case of a clean oxide when Al is deposited on
the SiO,/Si structure. We know from previous studies'®
that it takes ~20 h to decompose an uncontaminated ox-
ide compared to 120 s for the Al covered oxide. The
deposition of Al on the SiO, drastically increases the re-
action rate. The same increase in decomposition speed
without recognizable structure in the surface is found for
the other members of this class (Mg, Ti, Si, and Ge) when
deposited onto 200 A SiO, /Si. The decomposition speed
for the different elements is not the same, Ge being the
fastest, Si the slowest. For some samples that were
covered only with a very thin metal overlayer ( ~20 Aor
less), the layered structure was depth profiled after an-
neal. The Auger depth profile revealed that underneath a
thin layer of silicon an oxide layer is left intact. Ap-
parently the metal reacted and evaporated, leaving the
more slowly reacting silicon behind at the surface;
overall, the oxide layer has been thinned in the process.
This interfacial reaction metal with oxide has been ob-

served previously for Ti and A1.!>1®

Tungsten

Because of the wealth of information available for
tungsten, compared to that (only basic decomposition be-
havior) for the other transition metals, we mention
tungsten separately. Figure 1(d) shows the SEM picture
of a 3- A-thick tungsten film depos1ted on one-half of a
200 A gate oxide after 30 min annealing to 1000°C in
UHV.® On the area previously covered with tungsten an
increased density of voids with large diameter is seen,
compared to the clean SiO, area where only very few,
small voids are visible. The elliptic shape of the voids is
due to a 60° tilt of the sample with respect to the
analyzer. The dark area has been analyzed by AES, and
a tungsten silicide is clearly seen when the initial metal
layer thickness is above =40 A. The oxide areas be-
tween the voids still show unreacted tungsten, but the
AES spectra indicate that the film might have aggregated
(the ratio of tungsten Auger lines versus silicon Auger
lines has changed). The line between the clean oxide sur-
face and the one covered with W is well defined and
remains clearly visible even after longer annealing. This
seems to indicate that W does not diffuse over significant
distances across the surface.

Different tungsten layer thicknesses on identical oxide
thicknesses have been annealed under otherwise identical
conditions. The LDR at 1000 °C was determined for the
different tungsten layers as a function of the thickness,
and the results are shown in Fig. 2. The rate of decompo-
sition is found to be a linear function of the amount of
metal. The value deduced from a 30 A thick metal film is
3.7X10 */ummin, which is 2 orders of magnitude
higher than the value measured for an uncontaminated
oxide.

Some of our samples were analyzed with high-
resolution transmission electron microscopy (HRTEM).
The cross section of a 40-A-thick tungsten film annealed
at 1000 °C for 10 min is shown in Fig. 3. The photograph
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FIG. 2. Oxide decomposition rates measured as linear
growth rate of the oxide void diameter times void density vs
metal layer thickness. Two examples are chosen, Cu and W. A
least-squares fit straight line connects the data points.

shows that tungsten aggregated on the SiO, surface dur-
ing the anneal. It is also seen that the oxide thickness
remains constant where the decomposition has not start-
ed: tungsten does not break through the oxide at every
tungsten island. For one W crystal it even looks as if the
oxide decomposition front is undercutting the small met-
al island.

The shape of the void-oxide interface, as seen from
above, is shown in detail in the SEM picture in Fig. 4.
The picture shows a 30- A-thick W film at high
magnification after 20 min annealing to 1000°C. A
“cauliflower” shape of the void boundary can be seen.
This caulifiower void shape has been observed only in the
case of tungsten.

For W films over 100 ;\, the evolution of the decompo-
sition reaction is quite different and a SEM picture taken
from such a sample is shown in Fig. 5. For this particu-
lar sample the tungsten film had been patterned by eva-
porating it through a shadow mask. The dot of tungsten
shown in the picture appears structured after anneal;
AES shows that tungsten in the middle is surrounded by
tungsten silicide. The dark zone at the edge corresponds
to clean silicon. Significant decomposition of exposed ox-
ide is observed mainly very close to the dot pattern. A
similar reaction has been reported for Au/SiO,.'’

As will be discussed later, the enhancement of oxide
decomposition found for tungsten requires the metal to
reach the Si/SiO, interface. To address the question,
what large quantities of metal at the interface would do
to the decomposition process, we used thermally oxidized
tungsten silicide films as substrates. At the temperatures
involved tungsten forms silicide when in contact with sil-
icon, and pure tungsten films beneath an oxide cannot be
prepared. The silicide is, of course, chemically different
from the metal tungsten that we deposited in situ on top
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FIG. 3. High-resolution cross-sectional TEM photograph of a 40-A-thick tungsten layer evaporated on 200 A of thermal oxide.

The sample was vacuum annealed to 1000 °C for 10 min.

of the oxide. The silicide had been thermally oxidized at
a temperature of 800°C to give 200 A of thermal SiO, on
top of the silicide. A 1500 A WSi, with a 200 A oxide on
top has been annealed to 1000 °C and the SEM picture re-
sulting from the anneal is shown in Fig. 6. The surface
exhibits voids, like samples that had pure tungsten eva-
porated on top of clean oxide. The decomposition rate is

not very different from the value obtained for very thin
tungsten films deposited on SiO,.
Noble and quasinoble metals

We now consider the cases of Ni, Pd, Pt, Cu, Ag, and
Au. In Fig. 1 we have grouped different SEM pictures

FIG. 4. High-resolution SEM picture of a void edge on a sample with 30 A tungsten on 200 A thermal oxide. The sample had

been vacuum annealed for 20 min to 1000°C.
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FIG. 5. SEM picture of a 500-A-thick tungsten dot on 200 A thermal oxide. The sample has been vacuum annealed to 1000 °C for
12 min. Results of Auger-electron spectroscopic analysis of different areas are indicated.

FIG. 6. SEM picture of a Si(100) sample with 1500 A WSi, and 200 A thermal oxide on top of the silicide. The sample has been
vacuum annealed to 1000 °C for 360 min.
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for some of those metals together, to reveal differences
more clearly. All of these metals decompose an oxide via
void formation, so we want to compare different behavior
by calculating their LDR. To get a valid comparison of
the reactivity, it was verified that the LDR is linear with
the film thickness. The case of copper is shown together
with tungsten in Fig. 2; a straight line parallel to the line
for tungsten is obtained. The decomposition rate de-
pends linearly on the metal layer thickness for copper
and tungsten. This behavior has been verified for the oth-
er metals also. This linear variation allows us to derive
the reactivity of a metal independently of the original lay-
er thickness, provided the film becomes discontinuous
during anneal.

The metal reactivities are compared in Fig. 7. Three
different experimental conditions are realized in this plot.
(1) Thin metal films (=~3 A-30 A) were annealed in
UHYV to 1000°C (open circles in the plot). (2) Identical
films were annealed first in 1 atm of clean nitrogen to
500°C, and subsequently annealed to 1000°C in UHV
(black dots in the plot). For Ni and Cu, thin films were
deposited on silicon wafers with a polycrystalline silicon
backside getter (open squares). The dotted line indicates
the oxide decomposition rate measured for clean silicon
oxide. The data trend goes from low reactivity for Ag to
high reactivity found for Pt. This trend is maintained, al-
though less strikingly, for the nitrogen preannealed sam-
ples. The change in the reactivity upon preanneal is
more pronounced for metals which have a low melting
point and a high vapor pressure. The presence of a back-
side getter is seen to decrease reactivity for the two cases
studied in this way: Cu and Ni.

DISCUSSION

Based on the experimental results, the metals we stud-
ied can be classified according to two distinctly different
reaction pattern upon high-temperature vacuum anneal.
For Mg, Al, Ti, and well as Si and Ge, our results show
clearly that within the resolution of the SEM (=500 nm)
the oxide decomposition proceeds with high efficiency by
a homogeneous mechanism [Fig. 1(b)]. In the second
class of materials (Ag, Au, Cu, W, Ni, Pd, and Pt) the
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FIG. 7. Comparison of oxide decomposition rates for
different metals that decompose 200 A oxide via void formation.
The product of void diameter growth rate and void density—
called reactivity in the figure—is chosen as a parameter. The
rates are for a metal layer thickness of 1 monolayer. Metals are
arranged to exhibit a trend in decomposition rate. Experimen-
tal conditions were chosen as all vacuum anneal to 1000°C
(open symbols) or including an inert ambient preanneal to
500 °C for 30 min (solid symbols).

decomposition process is highly inhomogeneous and
proceeds via void generation and lateral void growth
[Figs. 1(a)-1(c)]. Formation of voids has been also ob-
served during oxide decomposition by annealing gate-
quality SiO,/Si structures which were not intentionally
contaminated by metals.> The void density and the void
growth rate for the deliberately contaminated samples de-
pend strongly on the kind of metal and on the film thick-
ness deposited on SiO,.

The striking difference between the two classes of ma-
terials can be explained in a straightforward manner by
comparing the thermodynamic properties of those ma-
terials as shown in Table I.'"!® The first class of materi-

TABLE I. Some selected thermodynamic properties of metals studied here.

Melting point Diffusivity  Reaction Electronic heat capacity

Metals Oxidation (°C) (cm/sec) with SiO2 Electronegativity Heat of reaction® (mJ/mol K)

Al Yes 660 Yes 1.5 -

Mg Yes 650 Yes 1.5 —

Ti Yes 1668 Yes 1.2 -

w Yes 3410 2X107°¢ No 1.7 + 1.3

Ni Yes 1453 2X1074 No 1.8 + 7.02

Pd Yes 1552 5X1073 No 22 + 9.42

Pt No 1769 3X107°¢ No 22 + 6.8

Cu Yes 1083 1x107* No 1.9 + 0.695

Ag Yes 960 2X1078 No 19 + 0.646

Au No 1063 8§x107° No 2.4 + 0.729

*Diffusivity calculated for neutral species at 900 K in bulk SiO, (Ref. 11).
"Heat of reaction calculated for reactions involving metal oxide and silicide formation (Ref. 18).
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als interact strongly with SiO, because they have thermo-
dynamically favorable reaction products.'®?® At
moderate temperatures (~400°C) those materials react
with SiO, to yield an oxidized metal species, a silicide,
and/or a silicate at the surface or the metal-SiO, inter-
face. The metals of the second class of materials do not
have any thermodynamically favorable reaction products
with SiO,. The coalescence of the tungsten film (Fig. 3)
gives a good example for the consequences of a lack of
reactivity with the smooth substrate. The surface energy
is lowered at elevated temperatures by formation of is-
lands; the metal film does not “wet” the surface.’

The heat of formation of a reaction product of the
metal-SiO, reaction can be calculated in some cases.!®
For metal oxide and some silicides 'the heat of formation
is only negative when the electronegativity is less than
1.5, thus reaction with SiO, occurs only then (Table I).
This classification distinguishes Al, Mg, Ti, Si, and Ge
from the other transition metals studied here. For most
s-band and p-band elements, as well as the d-band ele-
ments in the first columns of the Periodic Table, reactions
with SiO, have indeed been observed experimentally.'®?!
We observed that those elements with electronegativity
less than 1.5 lead to a strong decomposition of the
silicon-dioxide layer. The high decomposition rate can be
explained by the oxidation of the metal, providing silicon
suboxides, silicides, or elemental silicon. Even though
the suboxide of the material is in some cases not volatile,
it nevertheless enhances oxide decomposition by produc-
ing SiO at the surface, which is volatile itself. This mech-
anism is supported by our finding of a thin reacted layer
at the surface on top of remaining oxide for very thin
metal coatings.

If a chemical reaction can occur between any atom of
metal and the SiO, substrate, obviously no nucleation
centers are needed. We expect the oxide decomposition
reaction then to occur in a laterally uniform way down to
atomic scales. Within the quite limited resolution of our
microscope this is indeed what we find. Reactions similar
to the ones discussed here [with Ga (Ref. 22) and Ge
(Ref. 23)] have been used to remove surface oxide from
Si(100) surfaces at moderate temperatures prior to
molecular-beam-epitaxy silicon deposition.

For the second class of materials the decomposition
proceeds quite differently because of the apparent lack of
reactivity with the oxide. These metals are expected to
enhance oxide decomposition only when they reach the
Si0, /Si(100) interface.® Nucleation of the voids at the
oxide-Si interface has already been postulated to explain
the void formation characteristics for noncontaminated
oxide layers.>!® Some of our observation strongly sup-
port such a mechanism. The decomposition reactivity is
a rather drastic function of whether or not the metal
atoms can reach the SiO,/Si interface and stay there.
Experiments designed to increase the amount of metal
that reach the interface, such as the nitrogen preanneal
experiments'! (Fig. 7, black dots versus open circles),
clearly show an enhancement of the reactivity.
Significant changes in reactivity are only seen for those
metals that have a large probability to evaporate into the
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gas phase in the initial period of the high-temperature an-
neal (high vapor pressure). Experiments designed to de-
crease the amount of metal at the SiO,/Si interface, such
as having a polycrystalline silicon getter at the wafer
backside that competes very efficiently with the inter-
face'>!3 for metal atoms, show unambiguously a decrease
of the reactivity. The two examples demonstrated here
are Ni and Cu, seen as open squares in Fig. 7. The effect
of a polysilicon getter, namely, to reduce metal-induced
void nucleation, has already been demonstrated for gate-
quality oxides, that had not been intentionally contam-
inated by metals.’ The polysilicon serves in those cases
as a very efficient getter that competes with the interface
for metal atoms, and, therefore, keeps the number of void
nucleation centers down. We were able to clearly demon-
strate here that transition metals need to reach the
silicon-Si0, interface to cause oxide decomposition.

There are significant reactivity differences among the
materials compared in Fig. 7. A comparison has to be
based on the experimental points for nitrogen preanneal
to exclude as much as possible the rather obvious
differences of vapor pressures. To enhance oxide decom-
position the metal atoms or ions have to reach the
SiO,/Si interface, stay there for a sufficient time, and
have to have the capability (through reaction or as a cata-
lyst) to nucleate an oxide defect and/or void. The first
step obviously requires the metal to cross the oxide layer.
Bulk oxide diffusion properties of these materials'' are
insufficient to explain the experimental differences: Fol-
lowing the oxide diffusion coefficient values for Cu and
W, a much lower reactivity is expected for W than for
Cu. Experimentally, the Cu reactivity is about the same
as the reactivity measured for W, or even slightly below
it. This seems to rule out bulk diffusion as the predom-
inant mechanism that transports metal through the oxide
layer. It has to be noted that the bulk diffusion data
available are based on experiments with continuous metal
films on top of a thermal oxide.!! Under such conditions
we find decomposition only around the pattern edges, i.e.,
where the structure exhibits the most significant stress
and where it becomes discontinuous. For all other metals
investigated here the films become discontinuous upon
annealing.

Diffusion through or to preexisting defects in the oxide
film can be imagined to enhance metal transport through
the oxide. Even good quality thermal oxide films have
been found to contain microchannels or holes, as evi-
denced by TEM.**"%® Positron annihilation studies”
suggest that small microvoids (10-20 A diameter) exist in
thermal oxide. These microvoids or channels could be
sites which nucleate voids. It is through that kind of in-
trinsic oxide defect that metal atoms might be able to mi-
grate very efficiently through an oxide as thin as 200 A.
The oxide defects reduce the thickness to be crossed to
reach the interface. This effect should be enhanced
significantly by stresses in the oxide due to thick pat-
terned films or islands on the oxide. These stresses might
even create new microchannels or increase the preex-
istent ones leading to cracks through the SiO, layer.
Significant stress levels will build up during the high-
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temperature anneal because of the different thermal ex-
pansion coefficients of the oxide and the metal on top.
Stress enhanced diffusion might contribute to what we
have observed for a thick film of tungsten where the
decomposition occurs around the metal pattern, where
the stress is expected to be maximal (Fig. 5). More sup-
port comes from the HRTEM picture of the aggregated
W film (Fig. 3), where only a small fraction of the W is-
lands nucleated a void. This may suggest that only if lo-
cally enhanced stress and the metal source coincide with
an existing oxide defect can oxide voids be nucleated.
Thermodynamically, the formation of SiO at the inter-
face may require the presence of small free volumes, be-
cause the major decrease in free energy upon SiO forma-
tion originates in the entropy term for gaseous SiO.!'* SiO
gas formation inside a bubble or channel could locally in-
crease the pressure there until the remaining intact oxide
layer above cracks. As soon as there is a direct path be-
tween the interface and the surface of the oxide, further
void growth is known to proceed rapidly.'® Microdefects
are a very probable source for void formation, especially
when enhanced through film stress. The combination of
the two phenomena might explain the differences found
in the densities of voids (~10° mm™2), the densities of
microchannels or microvoids ( =~ 108 mm ~2), and the den-
sities of metal islands (~ 10" mm ~2). No model has been
published until now that tries to explain these density
differences.

Once the metal has reached the interface it enhances
the oxide decomposition. A very nice example for this
effect, completely decoupled from the metal diffusion
through the oxide, is seen in Figs. 3 and 4. Tungsten par-
ticles on top of an oxide layer generally do not damage
the oxide enough to cause oxide decomposition beneath
them (Fig. 3). But once a void has been nucleated by an
interplay of stress and intrinsic defects somewhere on the
sample, the growing circumference of the void will reach
the tungsten particles still present on the surface. What
happens then is most pronounced for tungsten, probably
because of the low diffusion coefficient of tungsten
through the oxide as well as across the surface. When
the void circumference reaches a tungsten particle the
void growth rate is locally enhanced dramatically, lead-
ing to a rugged looking edge of the void: the cauliflower
appearance seen in Fig. 4. Especially in the case of
tungsten this leads to strongly enhanced void diameter
growth rates. The enhancement of the void diameter
growth rate is found for all the metals analyzed here.
Some of them show a much enhanced void density as
well, such as, e.g., Cu, which must be a result of the faster
diffusion through the oxide. The question that remains to
be answered is which property of the metal is responsible
for the decomposition enhancement?

It was shown that the enhancement of oxide decompo-
sition found for tungsten requires the metal to reach the
Si/SiO, interface. To address the question, what large
quantities of metal at the interface would do to the
decomposition process, we used thermally oxidized
tungsten silicide films as substrates. The silicide is, of
course, chemically different from the elemental tungsten
that was deposited in situ on top of the oxide. A WSi,
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substrate beneath SiO, shows a surprisingly small oxide
decomposition rate (Fig. 6); only very thin (<3 A) ele-
mental tungsten layers deposited on top of the oxide
show a comparatively low decomposition enhancement.
This weak effect, which is also seen for other silicides,
shows that metal atoms are more active when they are
not associated with silicon. In the case of the oxide
decomposition enhancement by metals on top of the ox-
ide, metal atoms reach the SiO,/Si interface where they
react. The reaction of the metal with the silicon is to
form a silicide. The reaction will release energy as well as
change the electronic configuration of the metal. The en-
ergy released upon reaction may be used to help decom-
pose SiO, and Si to SiO and thus speed up void forma-
tion. Alternatively, the electronic configuration of the
metal may permit charge transfer to, e.g., break Si—O
bonds, where the silicide cannot.

Almost all the transition metals studied here react
strongly with silicon. Some of them react even when de-
posited at room temperature, others form silicides when
annealed to temperature well below 1000 °C (Ref. 28) (ex-
cept Ag, which does not seem to react). This reaction
will change the electronic configuration of the metal as
well as release energy; both might enhance oxide decom-
position. The initial sp? silicon hybridization is changed
upon reaction with transition metals yielding a new elec-
tronic configuration involving the d electrons of the met-
al. The metal d-band electronic states generally move
away from the Fermi level when a silicide is formed.?® It
has also been proven that silicon diffuses very easily
through most of their silicides or the metals to form a
thin film of silicon on the surface.’*® Upon contact with
silicon we therefore expect the metal electronic states to
undergo dramatic changes, all in the direction of reduc-
ing the density of states close to the Fermi level. The
heat of formation of silicides will also have a general
trend towards higher values from Ag to Pt. From silver
to platinum the maximum of the density of d electrons
has a tendency to move toward the Fermi level. The in-
crease of electron density, nearby the Fermi level
reflected by the electronic heat capacity (Table I), can ex-
plain the trend of the reactivity of these metals in the ox-
ide decomposition enhancement; more electrons are
available to induce the bonding change of silicon atoms
and more energy will be released upon bond formation.
The two effects (changes in band structure and heat of
formation) are, of course, intimately related and are prob-
ably at the origin of the oxide decomposition reaction.
The main question that remains to be answered is wheth-
er the metal can serve as a catalyst or is consumed during
the reaction.

To explain oxidation rate changes of silicides or silicon
in metal-rich environment, a mechanism involving the
electronic structure has been described.’! For the case of
Au and Pt, a catalytic effect on the oxidation has been
demonstrated based on the particular electronic
configuration of the silicon atoms.’> In our case we
might be confronted with the reverse reaction which can
be enhanced by electronic processes similar to the one
that explain the catalytic oxidation of silicides.** For the
oxide decomposition reaction it is at present not clear if
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the metal at the interface acts as a catalyst or not, but it
appears as if the decomposition occurs much slower once
a silicide has been formed. This leads us to assume that
the metal here is consumed in the process of decompos-
ing the oxide.

In conclusion, we have clearly demonstrated that metal
impurities can drastically change oxide integrity upon
vacuum anneal. They induce an enhanced oxide decom-
position following two different mechanisms, depending
on the electronic properties of the metal. The first class
of materials reacts directly with the SiO, and causes
homogeneous decomposition, thinning down the oxide
from the surface. For the second class the metal needs to
get to the interface and an inhomogeneous decomposition
via voids is the consequence, based on defects in the oxide
that may help the metal diffuse to the interface. Micro-
channels or microvoids in the oxide might be such de-
fects. They seem to need additional enhancement
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through, e.g., film stress to significantly influence metal
diffusion through the oxide. The efficiency of the process
at the interface seems to be correlated to the electronic
configuration of the metal.
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FIG. 1. A sequence of scanning electron microscope pictures
taken during ultrahigh-vacuum anneal of a 200 A SiO, layer on
Si(100). The field of view is ~1 mm by 1 mm, the sample being
tilted by ~60° giving circular voids an elliptical appearance.
The pictures were taken at 3 keV electron energy and 50 nA
beam current in secondary electron mode. The dark areas
represent clean Si areas, the bright background the SiO, layer.
Metals have been evaporated only on the lower half of the sam-
ples to allow comparison with clean conditions. (a) shows a lay-
er of 40 A of Au after anneal to 1000°C for 15 min; (b) 35 A of
Al after anneal to 1000°C for 2 min; (c) 3 A of Ni after anneal to
1000°C for 50 min; (d) 3 A of W after anneal to 1000°C for 30
min.



FIG. 3. High-resolution cross-sectional TEM photograph of a 40-A-thick tungsten layer evaporated on 200 A of thermal oxide.
The sample was vacuum annealed to 1000°C for 10 min.



FIG. 4. High-resolution SEM picture of a void edge on a sample with 30 A tungsten on 200 A thermal oxide. The sample had
been vacuum annealed for 20 min to 1000°C.



FIG. 5. SEM picture of a 500-A-thick tungsten dot on 200 A thermal oxide. The sample has been vacuum annealed to 1000°C for
12 min. Results of Auger-electron spectroscopic analysis of different areas are indicated.



FIG. 6. SEM picture of a Si(100) sample with 1500 A WSi, and 200 A thermal oxide on top of the silicide. The sample has been
vacuum annealed to 1000°C for 360 min.



